c Toxoplasma gondii is an obligate intracellular parasite that invades a wide range of vertebrate host cells. Chronic infections with T. gondii become established in the tissues of the central nervous system, where the parasites may directly or indirectly modulate neuronal function. However, the mechanisms underlying parasite-induced neuronal disorder in the brain remain unclear. This study evaluated host gene expression in mouse brain following infection with T. gondii. BALB/c mice were infected with the PLK strain, and after 32 days of infection, histopathological lesions in the frontal lobe were found to be more severe than in other areas of the brain. Total RNA extracted from infected and uninfected mouse brain samples was subjected to transcriptome analysis using RNA sequencing (RNA-seq). In the T. gondii-infected mice, 935 mouse brain genes were upregulated, whereas 12 genes were downregulated. GOstat analysis predicted that the upregulated genes were primarily involved in host immune responses and cell activation. Positive correlations were found between the numbers of parasites in the infected mouse brains and the expression levels of genes involved in host immune responses. In contrast, genes that had a negative correlation with parasite numbers were predicted to be involved in neurological functions, such as small-GTPase-mediated signal transduction and vesicle-mediated transport. Furthermore, differential gene expression was observed between mice exhibiting the clinical signs of toxoplasmosis and those that did not. Our findings may provide insights into the mechanisms underlying neurological changes during T. gondii infection.
T oxoplasma gondii, an obligate intracellular parasite, invades a wide variety of cells in its vertebrate hosts. The disease caused by T. gondii is usually asymptomatic but can be severe in immunosuppressed individuals, and cyst reactivation causes toxoplasmic encephalitis in AIDS patients (1) . In addition, infection of nonimmune women during pregnancy can lead to congenital infection, with hydrocephaly, microcephaly, or intracerebral calcifications occurring in the fetus (2) .
Systemic infection by the proliferating stage of the parasite, the tachyzoite, is efficiently controlled by the cellular immune response. However, the pathogen persists in its slowly replicating stage, the bradyzoite, in tissue cysts mainly within the muscle and brain. In chronic infections, parasites within neurons can directly cause neuronal death and atrophy of neuronal processes, while inflammation via production of nitric oxide (NO) and inflammatory cytokines from microglia or immune cells may contribute to the death of neighboring neurons (3) . However, the mechanisms underlying parasite-induced neuronal disorder in the brain remain unclear.
In mice and rats, the specificity of behavioral modifications induced by T. gondii has been examined across a broad range of behaviors that primarily concern anxiety and learned fear in these animals (4) . Recently, it has been suggested that chronic infection with T. gondii can alter exploratory behaviors, risk assessment, and unconditioned fear responses and that these changes are related to the presence and the location of cysts within the animal (5) . In addition, human studies suggest that chronic infection with T. gondii can cause cryptogenic epilepsy (6) and that individuals with schizophrenia have a higher prevalence of antibodies to T. gondii than healthy controls (7) . Taken together, these findings suggest that chronic infection has a neuropathological and neurophysiological effect on immunocompetent hosts.
In this study, we investigated the gene expression profile in mouse brain infected with T. gondii using the whole-transcriptome shotgunsequencing approach RNA sequencing (RNA-seq) in order to understand the functional changes in the central nervous system (CNS) during chronic T. gondii infection. We found that genes involved in immune responses and cell activation were upregulated in the mouse brain after T. gondii infection. In addition, the host genes whose expression was diminished by infection with the parasites were those involved in small-GTPase-mediated signal transduction and vesiclemediated transport. Mice displaying clinical toxoplasmosis exhibited different gene expression profiles than did asymptomatic mice. These data from RNA-seq demonstrated that while immune responses were stimulated in the mouse brain during infection with T. gondii, neurological functioning was possibly diminished. Our findings provide important information that will assist in elucidation of the mechanisms underlying neurological changes during T. gondii infection and should aid development of novel drugs or treatments for toxoplasmosis.
MATERIALS AND METHODS
Mice. BALB/c female mice were obtained from CLEA Japan (Tokyo, Japan). The mice were housed under specific-pathogen-free conditions in the animal facility of the National Research Center for Protozoan Diseases at the Obihiro University of Agriculture and Veterinary Medicine, Obihiro, Japan, before experimental use at 8 weeks of age. The mice used in this study were treated and used according to the Guiding Principles for the Care and Use of Research Animals published by the Obihiro University of Agriculture and Veterinary Medicine.
Parasite infections in mice. T. gondii (strain PLK; type II) parasites were purified from an in vitro culture, washed in sterile phosphate-buffered saline (PBS), and then intraperitoneally inoculated (1 ϫ 10 3 parasites) into 8-week-old mice. Daily body weight measurements were taken for 32 days after infection, and all of the mice were checked regularly for clinical signs of T. gondii infection, such as head tilting, limb paralysis, circling motion, kyphosis, and febrile responses (e.g., a starry, stiff coat).
Brain sampling. For pathological analysis, 15 mice were infected with T. gondii. After 32 days of infection, all of the experimental mice were sacrificed and their brains were rapidly removed. The brains were fixed with a 10% neutral buffered formalin solution for 8 days. We used these brains in the histopathological analysis. In a second experiment, 19 mice were divided into two groups; 4 mice were left uninfected, while 15 mice were infected with T. gondii. After 32 days of infection, 13 of the infected mice showed losses in body weight, while 2 did not. In this experiment, 12 infected mice out of the 13 mice that showed weight loss were used. For the detection of T. gondii in different areas of the brain, seven infected mice that showed body weight losses were selected. The brains from these seven infected mice were divided into eight different areas, the olfactory system, frontal lobe, caudate putamen, hippocampus, hypothalamus, amygdala, periaqueductal gray, and cerebellum. Samples to be used for DNA extraction and quantitative PCR of the parasites were stored at Ϫ20°C until use. For the detection of T. gondii in whole-brain samples and RNA-seq analysis, we used the 4 uninfected mice and 5 infected mice out of the total of 13 that showed weight loss. Of the five infected mice, two showed body weight loss with no signs of toxoplasmosis, whereas three showed signs of toxoplasmosis. The brains of the four uninfected mice and five infected mice were individually homogenized in 1 ml of TRI reagent (Sigma-Aldrich, Tokyo, Japan). Thereafter, each brain sample was divided for DNA extraction (for quantitative PCR of parasite numbers) and RNA extraction (for RNA-seq analysis). A flowchart summarizing the numbers of uninfected and infected mice, brain sampling, and methods is shown in Fig. 1 .
Pathological analysis.
After fixation with a 10% neutral buffered formalin solution, brain samples were cut coronally, embedded in paraffin wax, sectioned at 4 m, and then stained with hematoxylin and eosin. To estimate the severity of the histopathological lesions, the lesions were scored using the following scheme; 0, no lesion; 1, minimal lesion limited to localized perivascular cuffs with slight mononuclear cell infiltration in the meninges; 2, mild lesion, including perivascular cuffs, meningitis, and local glial cell infiltration; 3, moderate lesion, including perivascular cuffs, meningitis, glial cell activation, focal necrosis, and rarefaction of the neuropil with occasional macrophage infiltration; 4, severe lesion, including perivascular cuffs, meningitis, glial cell activation, rarefaction of the neuropil, and focally extensive necrosis. The scores for all lesions were added for each area, and the total pathological score for each area was used for data analysis. Pathological lesions representing the different scores are shown in Fig. 2A to D .
DNA extraction and quantitative PCR for T. gondii detection. Brain samples from the T. gondii-infected mice were collected at 32 days postinfection. DNA was extracted by resuspending the brain samples in extraction buffer (0.1 M Tris-HCl, pH 9.9, 1% SDS, 0.1 M NaCl, 1 mM EDTA, 1 mg/ml proteinase K) and incubating them at 55°C. DNA was purified by phenol-chloroform extraction and ethanol precipitation. Amplification of parasite DNA was performed using primers specific for the T. gondii B1 gene (5=-AAC GGG CGA GTA GCA CCT GAG GAG-3= and 5=-TGG GTC TAC GTC GAT GGC ATG ACA AC-3=), which is found in all known parasite strains (8) . The PCR mixture (25-l total volume) contained 1ϫ SYBR green PCR buffer, 2 mM MgCl 2 , 200 M concentrations of each deoxynucleoside triphosphate (dATP, dCTP, and dGTP), 400 M dUTP, 0.625 U of AmpliTaq Gold DNA polymerase, 0.25 U of AmpErase uracil-N-glycosylase (AB Applied Biosystems, Carlsbad, CA), 0.5 mol of each primer, and 50 ng of genomic DNA. Amplification was performed by a standard protocol recommended by the manufacturer (2 min at 50°C, 10 min at 95°C, 40 cycles at 95°C for 15 s, and 60°C for 1 min). Samples were run in duplicate. Amplification, data acquisition, and data analysis were carried out in an ABI Prism 7900HT Sequence Detection System (Applied Biosystems), and the calculated cycle threshold (C t ) values were exported to Microsoft Excel for analysis. A standard curve was established from T. gondii DNA extracted from 1 ϫ 10 5 parasites using 1 l of a serial dilution ranging from 10,000 to 0.01 parasites. Parasite numbers were calculated by interpolation on a standard curve, with the C t values plotted against a After 32 days of infection, all of the mice were sacrificed, and the brains were fixed with a 10% neutral buffered formalin solution for histopathological analysis. In experiment 2, four uninfected mice and 12 infected mice were used. For the detection of T. gondii in different areas of the brain, the brains from seven infected mice were divided into eight different areas and used for DNA extraction and quantitative PCR of the parasites. For the detection of T. gondii in whole-brain samples and RNA-seq analysis, we used four uninfected mice and five infected mice. Each brain sample was used for DNA extraction (for quantitative PCR of parasite numbers) and RNA extraction (for RNA-seq analysis).
known concentration of parasites. After amplification, melting-curve data from the PCR products were acquired using stepwise increases in temperature from 60°C to 95°C. Data analysis was conducted using Dissociation Curves version 1.0 F (AB Applied Biosystems).
Transcriptome sequencing. Samples underwent poly(A) selection starting with 1 g of total RNA. Sequencing libraries were constructed with an RNA Sample Prep Kit (Illumina, San Diego, CA), which facilitates multiplex sequencing, according to the manufacturer's instructions. Thirty-six-base-pair single-end sequencing was performed using the Illumina Genome Analyzer IIx (Illumina) with the TruSeq SBS Kit v5-GA (36 cycle; Illumina) according to the manufacturer's instructions.
Aligning sequence tags to the mouse genome and RefSeq. Raw sequence reads were mapped to the mouse genome (mm10) allowing two mismatches, using TopHat (ver. 1.3.3) (9) and gene transfer format (gtf) data (Mus_musculus.GRCm38.69). Normalized transcription profiles were estimated based on the mapping results using cufflinks (10) . For each transcript, the number of fragments per kilobase of transcript per million fragments mapped (FPKM) was converted from the raw read counts. The MGI ID and gene ontology (GO) were obtained from the Mouse Genome Informatics database (11) and then integrated into the estimated expression profiles, together with the gene biotypes extracted from the gtf data.
Identification of differentially expressed genes. Differentially expressed genes were identified by the DESeq package in R software (12) , using a 2-fold change (log 2 fold-change, Ͼ1 or ϽϪ1) and a 5% falsediscovery rate (FDR) cutoff for the thresholds. After data normalization and FDR calculations, the resulting expression intensity values were analyzed by the MA plot-based method. The MA plots show on a logarithmic scale the relationship between the log 2 fold change (M) for each gene and the average log 2 signal intensity (A).
Gene ontology analysis. The functions of individual genes can be analyzed using GOstat (http://gostat.wehi.edu.au/). This program automatically obtains the GO annotations from a database and generates a statistical analysis of the functional annotations that are overrepresented in the input list of genes. Using GOstat, we identified statistically overrepresented GO terms between the selected genes and the reference genes (all genes; 14,938 genes). Statistical analysis was performed using a Benjamini correction, which controls the FDR (13). FDRs of Ͻ0.05 were considered statistically significant.
Correlation coefficient between gene expression levels and parasite numbers. The correlation coefficient between an FPKM value and the number of parasites in a mouse brain was calculated by using the Pearson correlation coefficient. Previous studies have shown that the strength of the linear association between pairs of variables can be determined using the Pearson correlation coefficient: ԽrԽ of Ͼ0.7, strong correlation (14, 15) . The correlation coefficient range for positive correlations was 0.7 to 1.0, and the no-correlation range was Ϫ0.7 to 0.7, while a negative correlation was Ϫ0.7 to Ϫ1. Genes that exhibited positive or negative correlations with the number of parasites in a mouse brain were analyzed with GOstat.
RESULTS
Mice infected with T. gondii show the typical clinical features of toxoplasmosis. The PLK strain was used for experimental infections of T. gondii in mice. At 32 days postinfection, the brains from infected mice were sampled, and a pathological analysis was conducted to estimate the severity of the brain lesions in the infected mice. Histopathological lesions, including perivascular cuffs, mononuclear cell meningitis, glial cell activation, and focal necrosis, were observed in all mice that had been infected with T. gondii. The number of lesions ranged from 0 to 3 in each area. A total score for each area was obtained by adding the scores of all lesions. Since most of the lesions that could be found in this study were not severe, the total score for each area was up to 8. The total pathological score for the frontal lobe sections was significantly higher than that for any other region of the brain tested (Fig. 2E ). Although tissue cysts were detected in some lesions, the number of cysts was very small, and no tissue cyst tropism was confirmed by histopathology. We found that the parasites were distributed predominantly in the frontal lobe, caudate putamen, hippocampus, 3 ) were inoculated intraperitoneally into BALB/c mice (n ϭ 15). At 32 days postinfection, all of the mice were sacrificed, and their brains were rapidly removed. After fixation, the brains were sectioned (4 m) and stained with hematoxylin and eosin. To estimate the severity of the histopathological lesions, the lesions were scored as follows: (A) localized perivascular cuff (score, 1), (B) local gliosis (score, 2), (C) focal necrosis with calcification (score, 3), and (D) severe glial cell and macrophage infiltration and rarefaction of the neuropil in extensive necrotic foci (score, 4). Scale bars, 100 m (A and B) or 200 m (C and D). (E) The total pathological scores for different mouse brain areas were determined as described in Materials and Methods. (F) After DNA extraction from T. gondii-infected mouse brain samples (n ϭ 7), parasite numbers were determined by real-time PCR using primers specific for the T. gondii B1 gene. Each circle represents data for one mouse, and bars represent the average values of all data points (E and F).
hypothalamus, and amygdala, but rarely (less than 50 parasites/50 ng DNA) in the olfactory system or cerebellum (Fig. 2F ). The number of parasites in the caudate putamen was significantly higher than in the olfactory system and cerebellum. These results show that the mouse model of infection with T. gondii used in this study caused toxoplasmosis in mice and that the parasites were not uniformly distributed in the different regions of the brain in terms of their numbers and distribution patterns.
Mice infected with T. gondii have altered gene expression profiles in their brains. Infected mice used in the transcriptome analysis showed the typical signs of toxoplasmosis infection: mouse 1 had a temporary decrease in body weight but recovered, mouse 2 also had decreased body weight, and mouse 3 showed slight signs of illness, whereas mice 4 and 5 had more serious signs of toxoplasmosis accompanied by limb paralysis. We found that, in general, higher numbers of parasites in the whole brain were associated with more serious signs of toxoplasmosis (Table 1) .
RNA harvested from the brains of four uninfected and five infected mice was subjected to high-throughput sequencing on an Illumina Genome Analyzer IIx. The resulting raw reads were aligned to the mouse genome, mm10. Nine libraries (4 uninfected and 5 infected mice) were sequenced, and 33 to 47 million raw sequence reads were obtained per sample. Of these reads, 63.5% to 84.9% could be mapped to the mouse genome (Table 2) .
To identify differentially expressed genes in the experimental groups, the transcriptome data from uninfected or T. gondii-infected mouse brains were analyzed by DESeq. The magnitude distribution of the significantly changed genes was illustrated by MA plot analysis (Fig. 3) . The expression levels of 935 genes from the brains of mice infected with T. gondii were more significantly upregulated than those of genes from the brains of uninfected mice.
The top 30 genes that were upregulated after infection with T. gondii are listed in Table 3 . In particular, genes for immunoglobulins (Ighg2c, Iglc2, and Igj), chemokines and chemokine receptors (Cxcl9, Cxcr6, Ccl8, Ccl5, Cxcl10, and Cxcr3), interferon (IFN)-inducible GTPase families (Tgtp2, Iigp1, Gbp8, Gbp4, and Igtp), and major histocompatibility complex (MHC) class II antigens (CD74, H2-Eb1, H2-Q7, and H2-Aa) were greatly upregulated in the brains of all of the infected mice. In contrast, only 12 genes were significantly downregulated in the infected mice (Table 4). Of these genes, the Fc receptor-like S, scavenger receptor (Fcrls) gene was clearly downregulated in the infected mouse brains. When the functional annotations of the genes upregulated by T. gondii infection were analyzed using GOstat, the GO terms associated with immune system processes, immune responses, and cell activation were significantly different in the upregulated genes and the reference genes (Table 5) .
Gene expression levels are correlated with the number of parasites in the brain. To investigate whether correlations exist between an FPKM value and the number of parasites in an infected mouse brain, correlation coefficients were calculated. Five hundred and six genes were positively correlated with the number of parasites measured, while 473 genes had negative correlations. GOstat analysis showed that genes that exhibited a positive correlation with the number of parasites present were associated with immune system processes and antigen presentation (Table 6 ). In contrast, the statistically overrepresented GO terms for the genes that showed negative correlations with parasite numbers included small-GTPase-mediated signal transduction, GTP or guanyl nucleotide binding, vesicle formation (vesicle-mediated transport, cytoplasmic vesicle, coated vesicle, membrane-bound vesicle, and vesicle membrane), and cation transport (Table 7) . These results show that T. gondii stimulated the murine immune response and diminished signal transduction and vesicle formation, both of which regulate neurological functions in the brain. Mice exhibiting clinical toxoplasmosis had gene expression profiles different from those lacking the signs of clinical disease. Differences were observed in the severity of toxoplasmosis among the infected animals. Mice 3, 4, and 5 showed signs of toxoplasmosis, whereas mice 1 and 2 did not. To identify differences in the gene expression profiles of the mice exhibiting clinical signs (mice 3, 4, and 5) versus mice lacking such signs (mice 1 and 2), the differentially expressed genes were analyzed with DESeq. The expression levels of interferon regulatory factor 4 (Irf4) and transforming growth factor beta induced (Tgfbi) were higher in the mice with clinical signs than in those without signs. In contrast, the expression level of early growth response 4 (Egr4) was signif- icantly lower than in the mice lacking the clinical signs of toxoplasmosis (Table 8 ). These results show that mice displaying clinical toxoplasmosis exhibited different gene expression profiles than those that did not, and genes that showed different expression levels in these two groups of mice are likely to be associated with toxoplasmosis.
DISCUSSION
It has been reported that T. gondii modifies the behavior of its intermediate hosts when the infection proceeds into its latent phase, which is characterized by the presence of parasite cysts in the brain. Infected rodents show impaired learning and memory, as well as increased activity (16) . Furthermore, persistent T. gondii infection has been associated with an increased rate of serious psychiatric disorders and suicide and decreased psychomotor performance in humans (17) , which might be caused by neuropathological and neurophysiological effects on this intermediate host.
Hence, there is a strong desire to understand the changes of brain gene expression during T. gondii infection in order to elucidate the mechanisms for neuronal disorder. In this study, we first investigated the gene expression profile in mouse brains infected with T. gondii using the whole-transcriptome shotgun-sequencing approach RNA-seq. The results showed that not only were the host immune responses in the brain stimulated by infection with T.
gondii, but expression of genes related to neuronal function, such as GTPase-mediated signal transduction, GTP or guanyl nucleotide binding, vesicle formation, and cation transport, decreased when higher numbers of parasites were present in the brain, as shown by the RNA-seq data. These results suggest that certain aspects of neurological function may have diminished during T. gondii infection.
In this study, we developed a mouse model of acute/subacute T. gondii infection that incorporated behavior and transcriptome changes accompanied by pathological changes in the brain using BALB/c mice at 32 days after infection. In general, BALB/c mice are more resistant to T. gondii infection than other mouse strains (18) (19) (20) , because a single decapeptide, HF10 (HPGSVNEFDF), derived from the dense granule protein 6 (GRA6), was found to be the immunodominant L d -restricted epitope that induced protective effects in H-2 d (BALB/c) mice infected with the Prugneaud type II T. gondii strain (21) . Indeed, recent studies that have analyzed the frequency of neurological symptoms in mice used strains such as C57BL/6 (22, 23), CD1 (24) , and SW (3) at 6 to 18 weeks postinfection. Some researchers have used BALB/c mice to analyze behavior changes in the mice at 2 and 6 months after T. gondii infection (5, 25) . Therefore, the mouse model of T. gondii infection in BALB/c mice used in the present study could be used for evaluating toxoplasmosis at an earlier stage after infection than in the studies described above. In a related study, analysis of gene expression in a chronically T. gondii-infected mouse brain model using full-genome microarrays showed that expression of genes such as those encoding suppression of cytokine signaling (SOCS1), CD36, complement component 1 (C1q), and glial fibrillary acidic protein (GFAP) increased (3). Consistent with these findings, our data showed that particular genes were upregulated (SOCS1, 6.3-fold; CD36, 3.9-fold; C1q, 7.2-fold; and GFAP, 4.0-fold) after infection with T. gondii, although we used different mouse and parasite strains and infection periods.
T. gondii infection resulted in upregulation of IFN-inducible GTPase families and chemokines. A recent study suggested that IFN-␥-inducible p65 GTPases, including Gbp1, Gbp2, Gbp3, Gbp5, and Gbp7, play pivotal roles in anti-T. gondii host defense mechanisms by controlling IFN-␥-mediated Irgb6-dependent cellular innate immunity (26) . Although the functions of Gbp4 and Gbp8 in T. gondii infection are not understood, these molecules might be associated with IFN-␥-dependent host defense. Furthermore, previous research has shown that CXCL9/MIG, CXCL10/IP-10, and CCL5/RANTES are chemokines predominantly induced in the brains of BALB/c mice during chronic infection with T. gondii (27) .
After proliferation of tachyzoites in various organs during the acute stage of infection, the parasite forms cysts preferentially in the brain and establishes a chronic infection, which is a balance between host immunity and parasite evasion of immune responses (28) . The presence of Th1 cytokines in the brain parenchyma may cause activation of microglia, resulting in the production of toxic metabolites and inflammatory cytokines (29) (30) (31) (32) . In this study, the genes involved in the immune response and cell activation were upregulated after T. gondii infection. In the brain, microglia assume an important role in the production of inflammatory cytokines, as well as antigen-presenting cells, such as dendritic cells and macrophages from the blood. Further experiments are needed to understand what kinds of cells express the genes involved in the immune response in the brain during T. gondii infection.
In this study, Fcrls expression was significantly downregulated in mice infected with T. gondii. Fcrls, also known as macrophage scavenger receptor 2 (Msr2), is a scavenger receptor for which very little information is available and whose specific expression in microglia is intriguing, since scavenger receptors are normally widely expressed in monocytic cells (33) . In addition, Fcrls was preferentially expressed by microglia and upregulated during cuprizone-induced inflammation (34) . The downregulation of Fcrls expression in T. gondii-infected mouse brain might be associated with modulation of the function of microglia.
A recent study has shown that T. gondii infection of mammalian dopaminergic PC-12 cells enhanced the K ϩ -induced release of dopamine severalfold, with a direct correlation observed between the number of infected cells and the quantity of dopamine released. This effect was related to T. gondii orchestration of a significant increase in dopamine metabolism via tyrosine hydroxylase production, which is the rate-limiting enzyme for dopamine synthesis in neural cells (35) . Furthermore, in vitro experiments demonstrated that tachyzoites actively prevented the normal Ca 2ϩ responses of glutamate-stimulated neurons; hence, it was suggested that T. gondii infects neurons and may directly modulate neuronal function (5) . In this study, genes that were identified as being negatively correlated with parasite numbers were involved in small-GTPase-mediated signal transduction and GTP or guanyl nucleotide binding. The activities of small GTPases are regulated by their guanine nucleotide-binding states (36) . Small GTPases play critical roles in molecular processing underlying neuronal plasticity and memory formation (37) , axonogenesis (38) , and CNS development (39) . These small GTPases play indispensable roles in the CNS; hence, loss-of-function mutations in these molecules cause genetic diseases in mice and humans (40) . In addition, expression of genes associated with vesicle formation, such as vesicle-mediated transport, cytoplasmic vesicles, coated vesicles, membrane-bound vesicles, and vesicle membranes, was diminished when large numbers of parasites were present in the brain. Vesicle-mediated transport is important in the docking of synaptic vesicles to the presynaptic plasma membrane, their signal-dependent fusion, and release of neurotransmitters at the synapse (41) . The expression of genes related to cation transport also decreased when large numbers of T. gondii parasites were present in the brain. Cation transporters mediate facilitated diffusion of a variety of endogenous substances and drugs (42) . These transporters are relevant to Parkinson's disease, which is a progressive disease related to degeneration of nigrostriatal dopaminergic neurons and which can be caused by genetic and environmental factors (43) . From this evidence, it is suggested that diminished gene expression associated with neuronal function may cause neuronal disorders as a result of T. gondii infection. It is possible that toxoplasmosis is related to upregulation of Irf4 and Tgfbi. Irf4 belongs to the IRF family of transcription factors, which have emerged as crucial controllers of both interleukin 17 (IL-17) and IL-21 production. These cytokines are presumed to be responsible for the development of autoimmune responses (44) . It has been reported that macrophages and a dendritic cell line infected with type III T. gondii expressed Irf4 mRNA at a higher level than the cells infected with type II parasites (45) . Tgfbi, a secreted protein that is induced by transforming growth factor beta in various cell types, has roles in the regulation of bone mass and bone size through periosteal bone formation (46) . Tgfbi has also been shown to be a tumor suppressor factor; transfection of the Tgfbi gene into tumor cells resulted in a significant reduction in tumor growth, while Tgfbi-deficient mice showed an increased incidence of spontaneous tumors (47) . However, there are no published studies on the function of Tgfbi in T. gondii infection.
In the present study, Egr4 expression in mice displaying the clinical signs of toxoplasmosis was lower than in mice displaying no such signs. Egr4 has the most neuron-specific expression pattern and induces activation of the neuronal potassium chloride cotransporter 2 (KCC2), which is necessary for the fast synaptic inhibition required for maintaining the low intracellular chloride concentration that is needed for the hyperpolarizing actions of the inhibitory neurotransmitters GABA and glycine (48, 49) . Thus, these genes (Irf4, Tgfbi, and Egr4 genes) may be associated with the development of toxoplasmosis or change of neuronal function.
It would be interesting to understand why particular areas of the brain accumulate cysts during chronic T. gondii infection. Cyst accumulation in different areas of a particular neuronal circuit may lead to different behavioral alterations. A recent study on the relationship between cyst accumulation and behavioral changes in the host has shown that BALB/c mice infected with the DX strain of T. gondii (a type II strain) lost their fear of the smell of cat urine and spent a significantly longer time in close proximity to cat urine than the uninfected controls (at day 60 postinfection). In addition, the numbers of cysts decreased in the cortex, thalamus, hippocampus, and striatum but were unaltered in the hypothalamus, amygdala, olfactory bulb, cerebellum, and brain stem at day 60 compared with day 30 postinfection (5). Furthermore, the striking differences in the total parasite load and cyst distribution indicate a probabilistic nature of brain infestation. Nevertheless, some brain regions are consistently more infected than others. In a different study, it was found that these included the olfactory bulb; the entorhinal, somatosensory, motor and orbital, frontal association, and visual cortices; and, importantly, the hippocampus and amygdala (24) . Consistent with previous reports (24, 50) , the histopathological lesions in the frontal lobe were more severe than in the other areas of the brain. However, higher frequencies of parasites were detected in the frontal lobe and caudate putamen than in the other brain areas (using PCR) in our study. The severity of the histopathological brain lesions had no strong association with the number of parasites present in the T. gondii-infected mice. It has been reported that neurons in the cortex were more damaged by oxygen and glucose deprivation than those in the hippocampus and striatum as a result of differences in the antioxidant state and Bcl-xL expression levels in these brain regions (51) . In addition, histopathology showed that the number of infiltrating glial cells was higher in the frontal lobe than in the other regions of the brain (data not shown), suggesting that the frontal lobe neurons might have been more sensitive to toxic inflammatory factors from infiltrating glial cells than other regions of the brain. Therefore, the PLK strain also provokes inflammation mainly in the frontal lobe.
Upon entry into the CNS, tachyzoites appear to infect astrocytes, neurons, and microglia. Microglia generate pro-and antiinflammatory cytokines and chemokines following T. gondii infection (52) (53) (54) (55) . In addition to microglia, astrocytes can also inhibit parasite replication upon activation (56) . Inflammatory cytokines and NO produced by microglia may cause damage to neurons. The term "psychoneuroimmunology" relates to the complex bidirectional interactions that occur between the CNS and the immune system. Because T. gondii infection modulates immune function, there might be feedback from the immune system to the brain. However, neurons are the predominantly infected cell type during chronic infection with T. gondii, so parasites may be able to directly change the function of neurons. Neurons play an important role in sending and receiving messages through chemical or electrical signals. Signals are sent to and from the CNS via action potentials that allow the signals to travel by changing the concentration of ions (sodium outside and potassium inside) within the axons and dendrites.
In the present study, we found that host immune responses accompanied by cell activation and antigen presentation were stimulated by infection with T. gondii in the mouse brain. Our data suggest the possibility that T. gondii infection of the brain may disrupt neuronal function by decreasing small-GTPase-mediated signal transduction, vesicle formation, and cation transport. Some genes that showed different expression patterns in the brains of the infected, but not the uninfected, mice may play critical roles in the type of neuronal disorder associated with T. gondii infection. Overall, our data provide new and important information about host responses to T. gondii infection of the brain that provides a platform to dissect the mechanisms underlying T. gondii-induced neurological changes and assists in the development of effective treatments for toxoplasmosis. Further studies are needed to elucidate the function of genes that are up-or downregulated after infection with T. gondii in the immune and neuronal systems. Use of small interfering RNA (siRNA) and overexpression of host genes may help illuminate aspects of the host-parasite relationship that are crucial for parasite survival and host pathology during T. gondii infection. Importantly, further studies on CNS-immune system interactions and the behavioral changes that occur during chronic infection with T. gondii should lead to greater understanding of toxoplasmosis.
